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The iodide-containing layered double hydroxides (LDHs) of Mg and Zn with Al crystallize by the inclusion
of extensive positional disorder of I ions in the interlayer region. I ion given its poor charge to size ratio
can neither screen effectively the positive charge nor participate in H-bonding with the metal hydroxide
layers. Thereby the I ions are not stabilized in sites close to the seat of positive charge of the metal
hydroxide layers (6c), nor in sites that facilitate H-bonding (3b or 18h). On the other hand, OH from
water can do both and effectively displaces I from the interlayer.
 2010 Elsevier Inc. All rights reserved.1. Introduction ordered. We model the structural disorder by studying the powderThe layered double hydroxides are obtained by isomorphous
substitution of a fraction, x, ofMg2+ ions, by Al3+ ions in the structure
ofMg(OH)2 [1]. This results in the stacking of positively chargedme-
tal hydroxide layers having the composition [Mg1xAlx(OH)2]x+
(0.20 6 x 6 0.33) [2]. Anions, An, are included in the interlayer
region for charge neutrality, resulting in compounds having the
general formula [Mg1xAlx(OH)2][An]x/nyH2O, in which the anion,
An is exchangeable [3]. Given their structure, the LDHs are natural
hosts for mineralization of a variety of anionic pollutants [4,5].
Radioactive iodine is one of the many hazardous elements dis-
charged from nuclear reactors and is a serious health hazard. Fur-
ther radioactive pollutants require the use of materials that can
resist radiolytic degradation and thereby inorganic sorbents are
preferred to other materials [6]. Iodine is present in wastewaters
in the form of I ions, and LDHs are expected in principle to be
the hosts of choice for immobilizing I. But in practice, LDHs have
a poor afﬁnity for I ions compared to all other commonly found
inorganic ions [7]. The CO23 -containing LDH does not sorb I
 ions.
The NO3 -LDH does not exchange NO

3 for I
 quantitatively [8]. To
remedy this situation, many investigators have treated the I-con-
taining solutions with oxide residues obtained by the calcination of
LDHs [9]. Quantitative I sorption is observed with a negative free
energy change (23.8 kJ mol1), but this is observed only in the ab-
sence of other anions [10]. The need to calcine LDHs for I remedi-
ation renders the whole process energetically inefﬁcient for
applications.
In this paper, we address the causes underlying the poor stabil-
ity of I-LDHs. We report that the I-containing LDHs are poorlyll rights reserved.
. Kamath).X-ray diffraction proﬁles of the M/Al–I (M = Mg, Zn) LDHs. The poor
thermodynamic stability of I-LDHs has a crystal chemical basis.
2. Materials and methods
2.1. Synthesis of LDHs
All reagentswereof analytical grade (Merck, India) andwereused
without further puriﬁcation. The M/M0–Ax LDHs (M = Mg, Zn;
M0 = Al; A = I, NO3 ; x = 0.20, 0.25, 0.33) were prepared by the
dropwise addition (3 ml min1) of a mixed salt solution
[M(NO3)2 + Al(NO3)3] (total metal concentration 0.03 M) into a
reservoir containing 10 times the stoichiometric requirement of
An ions taken as its sodium salt. A mixed metal halide solution
[MCl2 + AlCl3 or MBr2 + AlBr3] was used to prepare the correspond-
ing chloride and bromide intercalated LDHs. A 2 M NaOH was dis-
pensed using a Metrohm Model 718 STAT Titrino to maintain a
constant pH at precipitation. N2 gas was bubbled through the solu-
tion during precipitation and aging (18 h, 65 C). The precipitate
was rapidly ﬁltered under suction and washed with deionized
(15 MX cm speciﬁc resistance, MilliporeModel Elix 3 ion-exchange
system), decarbonatedwater and then dried at 65 C for 24 h.Wash-
ing was found to leach I ions out of the system. Prolonged washing
caused the replacement of Iby theOH ions obtained fromwater to
generate Meixnerite-type LDHs. Therefore the I-LDHs reported
here were subjected to a quick wash and many of them contain the
residual NaI impurity.
2.2. Characterization
All samples were characterized by powder X-ray diffraction
(PXRD) using X’pert Pro Philips diffractometer (Cu Ka source,
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size 0.017 2h). The PXRDpatterns of the LDHswere simulated using
the FORTRAN-based computer program DIFFaX [11] (see Supple-
mentary information SI. 1). IR spectra were recorded using a Nicolet
Model Impact 400D FTIR spectrometer (4000–400 cm1, resolution
4 cm1, KBr pellet). TGA studieswere carried out using aMettler-To-
ledo 851e TG/SDTA systemdriven by Stare 7.1 software (heating rate
5 C min1, N2 gas). The sampleswereﬁrst heated to 100 C in the TG
balance for 0.5 h to drive away the adsorbed water before being
ramped up to 800 C. Wet chemical analysis for iodide was done
by potentiometric titrations using silver metal as indicator elec-
trode, a standard Calomel electrode as reference electrode, and
AgNO3 as titrant. The cell potential was measured directly using a
high impedance potentiometer. Typically, iodide present in the
LDH was determined by dissolving a preweighed (0.2 g) quantity
of the sample in acid (2 ml of conc. HCl) and titrating against stan-
dard silver nitrate (0.025 N) solution potentiometrically. The results
of wet chemical analysis and TGA are given in Table 1.2.3. Iodide leaching studies
Iodide leaching studies were performed by two methods. In the
ﬁrst method preweighed I-LDHwas taken in a sintered glass cruci-
ble and washed copiously with decarbonated and deionized water
under suction. The washings were collected and I contents in the
washings and the residual solid were estimated by potentiometric
titrations. In the second method, I in the solid was exchanged for
the CO23 ions by soaking the I
-LDH in 25 ml of Na2CO3 solution
(0.06 M), containing ﬁve times the stoichiometric requirement of
CO23 ions required to affect a complete exchange of I
. The reaction
was carried out for 5 h and then the solidwas separated by centrifu-
gation and I content in the centrifugate determined by potentio-
metric titrations. In both cases, the I content in the leachate
matched with the I- content of the pristine LDH.3. Results and discussion
3.1. Interlayer structure of I intercalated LDHs
The precise location of anions in the interlayer of the LDHs is
generally difﬁcult to determine on account of: (i) inherent disorder
in the interlayer and (ii) poor scattering power of commonly found
anions (CO23 Cl
, SO24 , and NO3Þ relative to the metal hydroxide
layers. Consequently, DIFFaX simulations of the PXRD patterns of
different Mg/Al–X (X = Cl, NO3, CO3) LDHs are practically indistin-
guishable from one another (see Supplementary information SI. 2).
This second factor can be mitigated by the introduction of
strong scatterers such as Br and I in the interlayer. The simulated
PXRD patterns of model structures of Mg/Al–X LDHs (X = Cl, Br,
and I) (Fig. 1) reveal the following:Table 1
Results of DIFFaX simulations and chemical analysis of different LDHs.
LDH Cell parameters X content (mol%) TGA ma
a (Å) c (Å)
Mg/Al–I (x = 0.20) 3.074 25.376 18 (16)a 52.2 (53
Mg/Al–Br (x = 0.33) 3.049 23.580 28 50.5 (52
Mg/Al–Cl (x = 0.33) 3.069 23.869 32 43.4 (45
Zn/Al–I (x = 0.33) 3.077 24.657 26 50.2 (45
a Value in parentheses corresponds to the I content leached from the solid by repea
b Values in the parentheses correspond to expected mass loss.(a) The intensity of the 003 reﬂection relative to the 006 comes
down as the scattering power of the interlayer atoms
increase. In the I-LDH, the 003 is completely extinguished.
This is in keeping with our earlier observation [12] that in
the region of the basal reﬂections, the interlayer atoms dif-
fract out of phase with the metal hydroxide layers.
(b) Among the 0kl reﬂections, the 015 reﬂection progressively
diminishes in intensity as we go from Cl to I, thus showing
that the interlayer contributes signiﬁcantly to the intensities
of the 0kl reﬂections.
Similar observations can also be made in the Zn–Al system
where the metal hydroxide layer is a strong scatterer (see Supple-
mentary information SI. 3 and SI. 4). The only difference in this case
is that the 003 reﬂection is not completely extinguished.
In principle, the delineation of the structure of the interlayer
must now be possible. The observed PXRD patterns of the Mg/
Al–X (X = Cl, Br, I) LDHs (Fig. 2) show that the basal reﬂections fol-
low the expected trend on going from Cl to I.
There is, however, a considerable difference between the ob-
served and the expected patterns in the mid-2h (30–55 2h) region.
A similar PXRD pattern of the Mg–Al–Cl LDH is reported elsewhere
[13]. In general, there is an excessive and non-uniform broadening
of peaks due to various reﬂections in the PXRD pattern of all the
LDHs. There is a considerable attenuation of the intensities as well.
In earlier work, this kind of non-uniform variation in peak
width and intensity was attributed to stacking disorders [14]. In
an LDH, in which the PXRD pattern is insensitive to the anion posi-
tions, the stacking disorder model is the model of choice to account
for structural disorder. The local structure of a stacking fault can be
compared with the stacking sequences of different ordered poly-
types within the same system, as a means of classiﬁcation of the
stacking disorder. Among the LDHs, the experimentally observed
polytypes are 2H1 and 3R1. The simulated PXRD proﬁles (Supple-
mentary information SI. 5) for these polytypes of the Mg/Al–I
LDH show that the 002l reﬂection is the most intense and the 00l
reﬂection is extinguished. It is evident that the PXRD pattern of
the hexagonal polytype 2H1 differs from the triple layered rhombo-
hedral (3R1) polytype in the appearance of strong reﬂections corre-
sponding to h + k + l– 3n. Within the stacking disorder model,
structural disorder is generated by the random intergrowth of
the 3R1 and 2H1 polytypes.
The attempts to simulate the experimental pattern by adopting
the stacking disorder model resulted in a poor match in the mid-2h
(30–50) and the high angle (>60) regions (Fig. 3). This best sim-
ulation is obtained for the intergrowth of 40% of the 2H1 motifs
with 60% of the 3R1 motifs. The observed intensity of the 003
reﬂection was simulated by using an I-deﬁcient composition
(x = 0.18). The simulated pattern contains peaks broadened by dis-
order, whereas there is near complete extinction of intensity in the
observed proﬁle. Clearly, stacking disorders do not fully account for
the structural disorder in the Mg/Al–I LDHs.ss loss (%)b DIFFaX simulations
Site occupancy factor % of Turbostraticity
18h 6c 3b
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Fig. 1. DIFFaXsimulatedPXRDpatternsofMg/Al–XLDHs:X = Cl (a),Br (b),andI (c).
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Fig. 2. PXRD pattern of pristine (a) Mg/Al–Cl (x = 0.33), (b) Mg/Al–Br (x = 0.33), and
(c) Mg/Al–I (x = 0.20) LDHs (corresponds to unwashed NaBr and NaI).
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Fig. 3. A comparison of the PXRD pattern of the Mg/Al–I LDH (a) with the DIFFaX
simulated pattern (b) (I in the 18h site), using the stacking disorder model. Note
the mismatches in the mid-2h region. corresponds to unwashed NaI.
Fig. 4. DIFFaX simulated PXRD pattern of Mg/Al–I LDH incorporating
turbostraticity.
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inwhich the adjacent layers are randomly translatedwith respect to
one another. The introductionof turbostraticity completelydestroys
the three-dimensional order leading to the extinction of all hkl
reﬂections (Fig. 4). Thebasal reﬂections areunaffected as the period-
icity of electron density along the stacking direction is conserved.
New two-dimensional reﬂections (2h = 38.5, 60.2) arise on ac-
count of the periodicity within each of the metal hydroxide layers,
which are not observed. It is evident that turbostraticity also does
not account for the observed pattern.
Another source of structural disorder is the positional disorder
of anions in the interlayer. Positional disorder of anions arises as
a consequence of the anion–anion repulsions. These interactions
generally drive the anion to positions of high site degeneracy.
Equally the anions are also hydrated. The hydration energy oflarger ions such as I is expected to be smaller than those smaller
ions such as Cl. The sum total of these factors generates consider-
able disorder in the interlayer. Positional disorder can be modeled
in the interlayer by dividing the I occupancy between the differ-
ent theoretically possible interlayer sites (18h, 3b, and 6c) (see
Supplementary information SI. 6 for model simulations of posi-
tional disorder of I ions). The positional disorder alone per se does
not cause the broadening of 0kl reﬂections.
A better matching of the experimental proﬁle (shown in Fig. 2c)
could be achieved by combining positional disorder and turbostra-
ticity. The experimental PXRD proﬁle of the Mg/Al–I LDH was sim-
ulated by distributing the I- ions simultaneously in 6c and 3b sites
in the interlayer combined with 50% turbostraticity (see Fig. 5a).
This model of disorder causes the extinction of the 0kl reﬂec-
tions. The matching of the mid-2h and high angle hk regions is evi-
dent. The results of the simulations are given in Table 1. The PXRD
pattern of Mg/Al–Br LDH could be similarly simulated by position-
ing the Br ions in 18h and 6c sites (see Fig. 5b).
A schematic view of the interlayer space in the ordered LDH
is compared with that obtained after the incorporation of
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Fig. 5. PXRD patterns of the Mg/Al–X LDHs compared with the DIFFaX simulated
pattern using positional disorder and turbostraticity. (a) I distributed in 6c and 3b
sites and (b) Br distributed in 18h and 6c sites (corresponds to unwashed NaI and
NaBr).
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produces a change in the magnitude and orientation of nonbonded
contact distances. While a change in orientation of the nonbonded
contacts is energetically acceptable, the contact distances cannot
change, beyond acceptable limits (2–5%). Turbostratic disorder is
therefore limited to small relative translations of successive layers,
but adversely affects the three-dimensional periodicity of the crys-
tal. When combined with positional disorder of heavy scatterers
such as I, some of the two-dimensional reﬂections are also
masked, leading to complete extinction of all but the basal
reﬂections.
The differences in the environment of the Br and I ions can be
attributed to the relative differences in the size of the two anions
(ionic radii 1.96 and 2.20 Å, respectively). The choice of the inter-
layer sites by anions is governed by the size and the proximity ofFig. 6. A schematic view of the interlayer region of: (a) ordered Mg/Al–I LDH and (b) afte
nonbonding interactions.the site to the metal hydroxide layers. These factors help to achieve
stabilization through weak interactions. The magnitudes of these
interactions depend on the size, charge, and symmetry of the
intercalated anion. Table 2 gives the distances between the inter-
layer I and Br ions placed in different sites with the metal
hydroxide layer. The O1–O1 edge-sharing distance in Mg/Al–I
LDH (2.81 Å) is higher than that of Mg/Al–Br LDH (2.72 Å), indicat-
ing an elongation of the octahedra. The 3b site lies closest to the O1
and thereby to the proton of the metal hydroxyl slab and therefore
offers the best prospects for weak associations that stabilize the
structure. The 6c site corresponds to the trigonal prismatic site in
the interlayer and lies exactly below the metal and is closer to
the latter than the other two sites. The metal centers are the seat
of the positive charge in the LDHs. The existence of I in 6c position
shows that the absence of H-bonding interactions is compensated
by the greater coulombic interaction between the layer and the
interlayer.
While positional disorder is demonstrated in the Br and the I
intercalated LDHs, the poor scattering power of the interlayer in
Cl-LDHs precludes a comprehensive description of Cl positions.
The PXRD pattern of the Mg/Al–Cl LDH was simulated using the
stacking disorder model which accounts for the attenuation of the
prominent0kl reﬂections appearing in themid-2h region. The exper-
imental pattern could be simulated with the incorporation of 60%
turbostratic disorder (see Supplementary information SI. 7). Little
change in PXRD proﬁle could be observed with positional disorder
models, which point to the insensitivity of the PXRD method in
determining the structures of highly disordered andweakly scatter-
ing LDHs.3.2. Stability of I intercalated LDHs
Immobilization of anions by LDHs is successful only if the LDH
phase intercalated with the incoming anion is thermodynamically
more stable than the precursor LDH. Across different LDH systems,
the solubility of the LDH is dependent on the pH of formation of the
corresponding unitary hydroxide of the divalent metal [15]. Conse-
quently, LDHs with high pH of formation such as those containing
Mg and Ca (pH of formation >9.0 and 11.5, respectively) are more
soluble than the LDHs of Zn and Ni whose unitary hydroxides haver incorporation of turbostratic disorder. The dotted lines indicate the orientation of
Table 2
Calculated interatomic distances in (Å) in LDHs with I and Br ions in different
positions in the interlayer.
Distances Mg/Al–I (x = 0.20) LDH Mg/Al–Br (x = 0.33) LDH
18h 6c 3b 18h 6c 3b
Metal–O1 2.083 2.083 2.083 2.043 2.043 2.043
Metal–X 4.504 4.230 4.587 4.220 3.931 4.306
O1–O1 2.812 2.812 2.812 2.720 2.720 2.720
O1–X 3.214 3.607 3.139 2.973 3.387 2.893
Fig. 7. PXRD patterns of the Zn/Al–I LDH compared with the corresponding DIFFaX
simulated patterns: (a) as-prepared, (b) after incomplete washing and (c) after
complete washing.
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Mg/Al–I LDH precludes a stoichiometric intercalation of I in the
interlayer, as the intercalated I is leached gradually during wash-
ing of the LDH slurry. The Zn/Al–I LDH with its lower pH of forma-
tion is expected to be more stable in comparison with the Mg/Al–I
LDH. Nevertheless, progressive elution of I is observed in the Zn–
Al LDH.
The best match of the experimental pattern of Zn/Al–I LDH
could be obtained by adopting the positional disorder model in
which the intercalated I is distributed in 6c and 3b sites
(Fig. 7a). The I content estimated from the wet chemical analysis
is substoichiometric (0.26) (Table 1) with the remaining charge
compensated by the incorporation of the OH ions in the inter-
layer. There is a good match between the observed and the simu-
lated pattern.
Also shown in Fig. 7 are the PXRD patterns of the phases obtained
byprogressive leaching of intercalated I ions consequent towashing
of the LDH. There is a progressive decrease in the intensity of the 101
reﬂectionas theOH ion replaces the intercalated I ions.TheOH ion
being strong H-bond-forming species rapidly replaces the weakly
held I ions. With the incorporation of OH ions in the interlayer,
there is progressive ordering as evidenced by the emergence of sharp
and well-resolved 110 and 113 reﬂections. The resultant product is a
Meixnerite-like phase (Fig. 7b and c). The OH ions prefer the 3b site
which is best suited for H-bonding. The ordering of the interlayer is
also reﬂected by a decrease in the occupancy of positionswith higher
site degeneracy (6c) and increase in the occupancy of siteswith lowersite degeneracy (3b). Similar changes are seen in theMg–Al–I system
aswell, but thechangesareaccentuated intheZn–Al systemgiven the
greater degree of order in the latter system.
4. Summary
Bonding in LDHs is anisotropic. Within each metal hydroxide
layer, the bonds are strong iono-covalent in nature. Bonding be-
tween the layer and the intercalated anion is coulombic. Interca-
lated water- and oxygen-containing anions such as CO23 and
NO3 also participate in H-bonding. Coulombic interactions are
nondirectional, whereas H-bonding is highly directional. Under
the inﬂuence of strong H-bonding the metal hydroxide layers: (a)
stack in an ordered fashion or (b) stack with speciﬁc stacking faults
that preserve the local site symmetry of the interlayer sites. In
either case, the hydrogen bonds are conserved. When the interca-
lated anion is not capable of forming H-bonds, the metal hydroxide
layer–interlayer bonding is considerably weakened. This has two
consequences:
(1) Turbostratic disorder with ill-deﬁned interlayer sites.
(2) Positional disorder of the interlayer atoms.
These two factors are indeed interlinked. The poor layer–inter-
layer bonding in I-LDHs greatly reduces their stability. The interca-
lated I is leached out onwashing at even neutral pH, as the OH ion
by virtue of being an aggressive hydrogen bonding species displaces
the former. This renders themineralizationof iodineby the LDHhost
inefﬁcient. In conclusion, the poor stability of I- intercalated LDHs is
attributed to the structural disorder.
Acknowledgments
The authors thank the Department of Science and Technology
(DST), Government of India (GOI), for ﬁnancial support. P.V.K. is a
recipient of the Ramanna Fellowship of the DST. S.V. Prasanna
thanks the Council of Scientiﬁc and Industrial Research (CSIR) for
the award of Senior Research Fellowship (SRF).
Appendix A. Supplementary material
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Mg/Al–I LDH using positional disorder models. Supplementary
data associated with this article can be found, in the online version,
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